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The electron-electron Coulomb interaction in Dirac-Weyl semimetals harbours a novel 
paradigm of correlation effects that hybridizes diverse realms of solid-state physics with their 
relativistic counterpart. Driving spontaneous mass acquisition, the excitonic condensate of 
strongly-interacting massless Dirac fermions is one such example whose exact nature remains 
debated. Here, by focussing on the two-dimensional tilted Dirac cones in the organic salt 
-(BEDT-TTF)2I3, we show that the excitonic instability is controlled by a small chemical-
potential shift and an in-plane magnetic field. In combined analyses based on 
renormalization-group approaches and ladder approximation, we demonstrate that the 
nuclear relaxation rate is an excellent probe of excitonic-spin fluctuations in an extended 
parameter region. Comparative nuclear magnetic resonance (NMR) experiments show good 
agreements with this result, jointly revealing the importance of intervalley nesting between 
field-induced, spin-split Fermi pockets of opposite charge polarities. Our work provides an 
accurate framework to search for excitonic instability of strongly-interacting massless 
fermions. 
The notable electronic properties of graphene as well as topological semimetals and insulators 
have been attracting increasing attention not only because of their exotic topological nature but 
also due to their unusual effects induced by the electron-electron Coulomb interaction1–7. In 
contrast to conventional metals, the metallic screening in these systems is absent near the 
Fermi energy EF when EF is tuned to the charge-neutral Dirac point owing to the vanishingly 
small carrier density, resulting in a preserved long-range component of the Coulomb 
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interaction1,2. Remarkably, this long-range part of the interaction brings about an anomalous 
upward renormalization of the Fermi velocity 𝑣 due to a logarithmic self-energy correction akin 
to what has been commonly discussed in relativistic Dirac and Weyl theories3,4; the strength of 
the Coulomb interaction is characterized by a dimensionless coupling constant 𝛼 =
𝑒2 4𝜋𝜀0𝜀ℏ𝑣⁄  (with the elementary charge e and the relative permittivity 𝜀) that mimics the fine-
structure constant in quantum electrodynamics (𝛼QED ⋍ 1 137⁄ ), describing motions and 
interactions of charged relativistic particles8. For a weakly-interacting regime (or weak 
coupling), extended studies of the self-energy effect were reported first at the level of first-
order perturbative calculations2 and later by more elaborate renormalization-group (RG) 
approaches2,4,9. For strong coupling (typically 𝛼 > 1), Monte Carlo, RG and mean-field theories 
in the honeycomb lattice10–17 as well as Weyl semimetals18–27 predicted a breakdown of the 
massless-fermion picture due to excitonic condensation of electron-hole pairs and a 
concomitant gap opening at EF3,4,28–30. Being a cousin of the chiral symmetry breaking in high-
energy physics31, lifting the degeneracy of a pseudospin-1/2 degree of freedom projected onto 
the momentum (i.e., chirality)4, this novel type of excitonic instability has been intensively 
studied from theoretical perspectives, but experimentally, not much is understood; in 
particular, its relationship with the experimental phase diagram remains entirely unknown since 
𝛼 is small in many existing systems3,4. 
In monolayer graphene having two-dimensional (2D) vertical Dirac cones, the largest 
ever observation of the velocity renormalization (also known as the running coupling constant) 
comes from a suspended device where quantum oscillation experiments revealed a sharp 
increase of 𝑣 by more than a factor of 2 upon decreasing carrier density32. Several other 
measurements are also believed to capture this renormalization using various quantities as a 
control parameter such as substrate’s dielectric constant, magnetic field H and temperature T. 
Despite extensive efforts to increase 𝛼, all the existing studies point to a weak coupling (i.e., 
small 𝛼 (≲ 1)) in good agreement with the absence of phase transitions in monolayer 
specimens. 
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 By contrast, recent studies in the pressurized organic salt -(BEDT-TTF)2I3 have 
highlighted another example of the velocity renormalization where 2D tilted Dirac cones 
(Fig. 1a) are confirmed by magnetotransport33–35, calorimetric36 and nuclear magnetic 
resonance (NMR)37,38 measurements. Among these 13C-NMR experiments in conjunction with 
RG analyses found a logarithmic suppression of the Knight shift K upon cooling as expected for a 
T-dependent renormalization of 𝑣39, signalling that the tilted Dirac cones are nonuniformly 
reshaped by the self-energy effect due to the unscreened long-range Coulomb interaction 
(Fig. 1c)37. Furthermore, the resultant fits to the Knight-shift data revealed a sizeable bare 
coupling constant of 𝛼 = 12.6, indicating that the system lies close to the strong-coupling 
regime; indeed, the nuclear spin-lattice relaxation rate 1/T1 observed an anomalous upturn at 
low T38 that is shown by numerical simulations to represent nonzero-momentum spin 
fluctuations due to intervalley excitonic pairing instability, developing as a precursor to the 
condensation with a mass gap opening. These findings offer an excellent testing ground for 
studying the strong-coupling physics of interacting massless Dirac fermions in this material, both 
from theoretical and experimental perspectives.  
Here, we theoretically investigate the excitonic phase diagram of interacting 2D massless 
Dirac fermions in -(BEDT-TTF)2I3, by incorporating the impacts of the spin-degeneracy splitting 
and a shift of the chemical potential 𝜇 off the charge-neutral Dirac points. By solving a gap 
equation considering ladder-type diagrams and the velocity renormalization due to the RG 
correction, we show that off-neutrality drastically suppresses the intervalley excitonic 
instability, whereas it is enhanced by an in-plane H that drives a field-induced Fermi-surface 
nesting in the intervalley process, connecting the Fermi pockets of opposite spin and charge 
polarities. Furthermore, we numerically evaluate the 𝜇 and H dependence of 1/T1 and compare 
it with the 13C-NMR data in -(BEDT-TTF)2I3, which provides rational ways to interpret the data 
in the frame of the intervalley excitonic instability in the T-𝜇-H phase space.  
Results 
Microscopic Model. The 2D massless Dirac fermions generally possess two spin-degenerate 
Dirac points in the first Brillouin zone, protected by space and time inversion symmetry40,41. For  
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Fig. 1 Schematic illustrations of the spin splitting and the interband Fermi-surface nesting in 
the intervalley process for charge-neutral 2D tilted Dirac cones. a Spin-degenerate titled 
Dirac cones at charge neutrality. A pair of 2D Dirac points anchored to the Fermi energy EF 
resides at general positions in the first Brillouin zone (𝐤0 and -𝐤0). b An in-plane magnetic 
field H lifts the spin degeneracy and yields spin-↑ electron and spin-↓ hole pockets, which 
are elliptic and poorly overlap each other due to the opposing directions of the cone’s tilt. c 
Calculated images of the non-interacting spin-degenerate cones in -(BEDT-TTF)2I3 at 
charge neutrality (outer cones) and the reshaped cones due to the logarithmic self-energy 
correction by the unscreened Coulomb interaction (inner cones), using the bare Coulomb 
coupling of 𝛼 = 12.6 in line with Ref. 38 (see Methods). d Spin-split reshaped cones due to 
the electron Zeeman effect in an in-plane H. The spin-↑ cone (left; 𝐤0) and the spin-↓ cone 
(right; -𝐤0) are specifically presented. Inset of c and d: Point-like Fermi surfaces at zero field 
(c) and field-induced spin-↑ electron and spin-↓ hole pockets (d). The perfect interband 
Fermi surface nesting in the intervalley process with a momentum transfer of 𝐐 = 2𝐤0 
(arrow) drives the intervalley excitonic instability in the even-parity, spin-transverse channel 
(see the text). 
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the honeycomb lattice of graphene, these points are fixed at the Fermi energy EF and locate at 
the corners of the hexagonal zone boundary where vertical Dirac cones reside. In -(BEDT-
TTF)2I3, by contrast, anisotropic networks of the hopping amplitudes41–46 shift the charge-
neutral Dirac points from high symmetry positions to general momentum (±𝐤0), causing a tilt of 
the cones in opposite directions (Fig. 1a). In the presence of an in-plane H, the spin- degeneracy 
splitting generates elliptic Fermi surfaces, showing little overlap between the spin-↑ electron 
and spin-↓ hole pockets because of the tilt (Fig. 1b). 
We consider a low-energy theory derived from an effective tight-binding model in Ref. 
46 describing the 2D titled Dirac cones in -(BEDT-TTF)2I347–49, using so-called Luttinger-Kohn 
(LK) bases50 (for details, see Methods and Ref. 37). In pristine condition, EF is anchored to the 
band-crossing Dirac point due to the 3/4-filling of the electronic band, but we introduce 𝜇 in our 
model to deal with the influence of a finite carrier-doping effect. Taking the unscreened 
Coulomb interaction and an in-plane H into account, the effective 8×8 Hamiltonian37,38 yields 
𝐻eff =∑Ψ𝐤
†𝐻0Ψ𝐤  
𝐤
+∑𝑉0(𝐪)𝜌(𝐪)𝜌(−𝐪)
𝐪
,                                      (1) 
where Ψ𝐤
† = (𝑐𝐤,𝑠,𝜂
𝜈 )
†
 is an 8-component creation operator describing 2D massless Dirac 
fermions, 𝜌(𝐪) = ∑ ∑ 𝑐𝐤,𝑠,𝜂
𝜈† 𝑐𝐤+𝐪,𝑠,𝜂
𝜈
𝜈,𝑠,𝜂𝐤  is the density operator and 𝑉0(𝐪) = 2𝜋𝑒
2 𝜀|𝐪|⁄  is the 
Fourier transform of the Coulomb potential with the 2D wavenumber vectors 𝐤 and 𝐪. Here, the 
superscript, the second and third indices of the subscript represent projections of two LK 
pseudospin-1/2 (ν = a, b), two real spin-1/2 [s = 1(↑), -1(↓)] and two valleys [𝜂 = 1(R), -1(L)], 
respectively. The general form for the non-interacting Hamiltonian is given as 
𝐻0 = ℏ(𝐰 ⋅ 𝐤?̂?0⨂?̂?𝑧 + 𝑣𝑥𝑘𝑥?̂?𝑥⨂?̂?𝑧 + 𝑣𝑦𝑘𝑦?̂?𝑦⨂?̂?0)⨂?̂?0 − 𝜇 −
𝑔
2
𝜇𝐵𝐻?̂?0⨂?̂?0⨂?̂?𝑧,        (2) 
where 𝐰 = (𝑤𝑥, 𝑤𝑦) and 𝐯 = (𝑣𝑥, 𝑣𝑦) are the velocities describing the tilt and the anisotropy of 
the Dirac cone, respectively; g = 2 is the electron g-factor in -(BEDT-TTF)2I351; ?̂?𝑖, ?̂?𝑖 and ?̂?𝑖 are 
the Pauli matrices representing LK pseudospin-1/2, valley pseudospin-1/2 and real electron 
spin-1/2, respectively, with the three indices taking one of the four possible values (i, j = 0, x, y 
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and z). The index 0 represents a unit matrix, and we set the origin of energy at the charge-
neutral Dirac point. Note that we define k = (kx, ky) only around each of the Dirac points at ±𝐤0, 
and omit backscattering and Umklapp processes such that both 𝐤 and 𝐤 + 𝐪 are restricted 
around these Dirac points (i.e., 𝐪 is much smaller compared to 2𝐤0). 
  The self-energy-induced velocity renormalization by the long-range part of the Coulomb 
interaction is considered within a frame of one-loop level RG calculations in the leading order in 
1/N (N >>1), which is valid for both weak and strong Coulomb interaction, with N = 4 being the 
number of fermion species (i.e., two spin projections and two valleys)2,4,9. To be compatible with 
experimental 13C-NMR data37,38, we employ the upward RG flow of the velocity 𝐯 by a T-driven 
running coupling constant (where 𝐰 does not flow at one-loop level)1,2,37,39. The dimensionless 
Coulomb coupling – the ratio of the Coulomb potential to the electron kinetic energy – is 
defined as 𝛼 = 𝑒2 (4𝜋𝜀0𝜀ℏ√𝑣𝑥2 sin2 𝜑 + 𝑣𝑦2 cos2 𝜑)⁄  for anisotropic 2D massless Dirac 
fermions37, where 𝜑 is an angle measured around the Dirac point. In -(BEDT-TTF)2I3 the bare 
Coulomb coupling is approximated as 𝛼 ≈ 𝑒2 4𝜋𝜀0𝜀ℏ𝑣0⁄  since the anisotropy is negligibly small 
(𝑣𝑥 ≈ 𝑣𝑦 ≡ 𝑣0). Using the effective tight-binding model in Ref. 46 as our minimal starting point, 
RG fits to the T-dependent Knight shift37 yield 𝛼 = 12.6 at the momentum cutoff 𝛬 = 0.667 Å-1 of 
the size of the inverse lattice constant52 (for details, see Methods). By decreasing the energy 
scale from the high-energy cutoff to the low-energy region near the Dirac point (corresponding 
to reducing T in our case), 𝛼 flows to a smaller value due to the upward velocity 
renormalization. At low T an effective value of 𝛼eff ≈ 1 is necessitated for reproducing the 
observed upturn of 1/T1T in -(BEDT-TTF)2I3, which is relevant to the growing intervalley 
excitonic spin fluctuations38. 
Intervalley excitonic instability. For the excitonic instability in an in-plane H, eight types of 
order parameters can be considered12,38, categorized based on the parity, spin and valley. In the 
charge-neutral case of 2D tilted Dirac cones with the RG correction effect considered, the 
excitonic order parameter with the even-parity, spin-transverse pairing in the intervalley 
process proves to be significant at a mean-field level treatment of gap equations38. This is linked 
to the interband Fermi surface nesting for the field-induced spin-↑ electron and spin-↓ hole 
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pockets at different cones that strongly promotes excitonic instability by a perfect intervalley 
nesting with 𝐐 = 2𝐤0 (Fig. 1d), where 𝐐 is a wavenumber vector. The corresponding order 
parameter is given by    
Φ2𝐤0,e(𝐤; 𝐪) = Ψ𝐤+𝐪
† (?̂?𝑥⊗ ?̂?𝑥⊗ ?̂?𝑡)Ψ𝐤 
                         = (𝑐𝐤+𝐪,𝑠,𝑅
𝑎† 𝑐𝐤,𝑠′,𝐿
𝑏 + 𝑐𝐤+𝐪,𝑠,𝑅
𝑏† 𝑐𝐤,𝑠′,𝐿
𝑎 + 𝑐𝐤+𝐪,𝑠,𝐿
𝑏† 𝑐𝐤,𝑠′,𝑅
𝑎 + 𝑐𝐤+𝐪,𝑠,𝐿
𝑎† 𝑐𝐤,𝑠′,𝑅
𝑏 )[?̂?𝑡]𝑠𝑠′ .     (3) 
In -(BEDT-TTF)2I3 this order parameter represents some sorts of density waves, likely a mixture 
of charge-density wave and bond-order wave, since the LK pseudospin ?̂?𝑖 does not correspond 
to the real-space lattice unlike the sublattice pseudospin in graphene, but is related to a 
superposition of molecular orbitals associated with the nonequivalent sites in the unit cell (see 
Methods).  
Incorporating the experimentally-determined running coupling constant37 and assuming 
the effective coupling of 𝛼eff = 1 at low energy in accord with Ref. 38, we consider the dynamic 
spin susceptibility based on the ladder approximation, and evaluate the excitonic spin 
fluctuations. The dominant contribution comes from the spin-transvers fluctuations in the 
intervalley process (𝐐 = 2𝐤0) corresponding to the order parameter (3), which is expressed by 
𝜒⊥
𝑅,𝐿(𝐪, 𝑖𝜔𝑚) =∑[ℳ𝜈𝜈?̅??̅?
𝑅,𝐿 {Λ+
𝜈 (𝐤; 𝐪, 𝑖𝜔𝑚)𝜒+,
𝜈 (𝐤; 𝐪, 𝑖𝜔𝑚) + Λ−
𝜈 (𝐤; 𝐪, 𝑖𝜔𝑚)𝜒−
𝜈(𝐤; 𝐪, 𝑖𝜔𝑚)}
𝐤,𝜈
 
     + ℳ𝜈?̅?𝜈?̅?
𝑅,𝐿 {Λ−
𝜈 (𝐤; 𝐪, 𝑖𝜔𝑚)𝜒+
𝜈(𝐤; 𝐪, 𝑖𝜔𝑚) + Λ+
𝜈 (𝐤; 𝐪, 𝑖𝜔𝑚)𝜒−
𝜈(𝐤; 𝐪, 𝑖𝜔𝑚)}].        (4) 
Here,  
𝜒+
𝜈(𝐤; 𝐪, 𝑖𝜔𝑚) = −𝑇∑𝐺↑,𝑅
𝜈𝜈(𝐤 + 𝐪, 𝑖𝜀𝑛 + 𝑖𝜔𝑚)𝐺 ↓,𝐿
?̅??̅? (𝐤, 𝑖𝜀𝑛)
𝑛
,                           (5) 
𝜒−
𝜈(𝐤; 𝐪, 𝑖𝜔𝑚) = −𝑇∑𝐺↑,𝑅
𝜈?̅?(𝐤 + 𝐪, 𝑖𝜀𝑛 + 𝑖𝜔𝑚)𝐺↓,𝐿
𝜈?̅?(𝐤, 𝑖𝜀𝑛)
𝑛
                            (6) 
are defined by the massless-Dirac-fermion Green function ?̂?𝑠,𝜂 = [𝐺𝑠,𝜂
𝜈𝜈′] taking into account the 
RG correction on the Fermi velocity (i.e., the cone reshaping in Fig. 1)37; the pseudospin index 
?̅? = 𝑏(𝑎) stands for 𝜈 = 𝑎(𝑏); and 𝜀𝑛 (𝜔𝑚) is the fermionic (bosonic) Matsubara frequency. 
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Note that the form factor ℳ𝜈1𝜈2𝜈3𝜈4
𝜂,𝜂′  in Eq. (4) is a constant complex number that is linked to a 
unitary transformation between the LK basis and the Fourier transform of the molecular orbitals 
for the nonequivalent sites in the unit cell38 (see Methods for details). The ladder vertex 
Λ±
𝜈 (𝐤; 𝐪, 𝑖𝜔𝑚) is given by  
Λ±
𝜈 (𝐤; 𝐪, 𝑖𝜔𝑚) = 1 +∑𝑉0(𝐤 − 𝐤
′)[Λ±
𝜈 (𝐤′; 𝐪, 𝑖𝜔𝑚)𝜒+
𝜈(𝐤′; 𝐪, 𝑖𝜔𝑚)
𝐤′
                      
+Λ∓
𝜈 (𝐤′; 𝐪, 𝑖𝜔𝑚)𝜒−
𝜈(𝐤′; 𝐪, 𝑖𝜔𝑚)].            (7) 
By separating the 𝐤 dependence from the dependence on 𝐪 and 𝜔𝑚, we have Λ±
𝜈 (𝐤; 𝐪, 𝑖𝜔𝑚) ≃
Δ𝐤Λ±
𝜈 (𝐪, 𝑖𝜔𝑚) ≃ (1 − 𝜆)
−1 at the level of random phase approximation, where 𝛥𝐤 and 𝜆 are 
given by a linearized gap equation:  
   𝜆𝛥𝐤 = 2∑𝑉0(𝐤 − 𝐤
′)Δ𝐤′[𝜒+
𝜈(𝐤′; 𝟎, 0) + 𝜒−
𝜈(𝐤′; 𝟎, 0)]
𝐤′𝜈
.                        (8) 
Eq. (8) is a self-consistent equation describing the intervalley excitonic instability that favours an 
opening of the gap 𝛥𝐤 at EF as the eigenvalue 𝜆 reaches unity. 
Phase diagram. Based on the aforementioned formalism, one can examine the intervalley 
excitonic instability for given values of 𝜇 and H above the transition temperature 𝑇c, deduced 
from the T point where 𝜆 = 1 is fulfilled in Eq. (8). Figure 2a, b show the calculated T 
dependence of 𝜆 for the even-parity, spin-transverse excitonic instability in the intervalley 
process (𝐐 = 2𝐤0), depicted at selected values of in-plane H. In the charge-neutral case (𝜇 = 0) 
the applied H remarkably enhances 𝜆 with decreasing T, and yields 𝜆 > 1 at low T for large H 
(Fig. 2a). The low-T rise of 𝜆 with increasing H clearly suggests an enhancement of the 
intervalley excitonic instability, which becomes evident by looking closer at the condition of the 
Fermi surface nesting. We recall that the field-induced spin-↑ electron and spin-↓ hole Fermi 
pockets have perfect interband nesting for 𝜇 = 0 in the intervalley process (Fig. 2c). Since the 
applied H does not alter the electron-hole symmetry, an increase in H results in a widening of 
the sizes of the Fermi pockets but keeps the perfect nesting intact, leading to a gain in the 
condensation energy and helping stabilize the intervalley excitonic phase.  
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Fig. 2 Eigen value for the intervalley excitonic instability in the 2D tilted Dirac cones of 
-(BEDT-TTF)2I3. a, b Temperature dependence of the calculated eigenvalue  for the even-
parity, spin-transverse excitonic instability in the intervalley pairing (𝐐 = 2𝐤0). The self-
energy effect by the long-range part of the Coulomb interaction is considered as in 
Refs. 37,38. Data for a range of in-plane magnetic field H are presented in the (a) charge-
neutral case (𝜇 = 0) and the (b) off-neutral case (𝜇 = 4 K). c, d Schematic illustrations of the 
field-induced spin-↑ electron (solid) and spin-↓ hole (dashed) Fermi pockets for different 
sizes of 𝜇. The Fermi pockets have perfect interband nesting (arrow) in the intervalley 
process for 𝜇 = 0 (with 𝐐 = 2𝐤0) (c), whereas the nesting is poor for 𝜇   0 due to the large 
electron-hole asymmetry (d).  
On the contrary, the increase of 𝜆 becomes smaller at low T In the charge off-neutral 
case (𝜇   0), retaining its size below unity even at high H (Fig. 2b). This apparent suppression of 
𝜆 can be interpreted by a degraded Fermi surface nesting due to nonzero 𝜇; a finite shift of 𝜇 off 
the charge-neutral Dirac point causes an asymmetric size change in the field-induced Fermi 
pockets and substantially worsen the intervalley nesting condition (Fig. 2d), prohibiting the 
condensation in this process. 
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Fig. 3 Excitonic phase diagram in -(BEDT-TTF)2I3. The calculated transition temperature  𝑇c 
for the interband excitonic condensation in the intervalley (𝐐 = 2𝐤0) process for even-
parity, spin-transverse pairing, plotted as a function of chemical potential 𝜇, in-plane 
magnetic field H and temperature T. The RG correction of the velocity by the long-range 
part of the Coulomb interaction37,38 is taken into account. The arrow indicates the critical 
field HC. 
To systematically evaluate the impacts of 𝜇 and H on the excitonic instability, we further 
determine the phase diagram from the parameter dependence of 𝑇c for the even-parity, spin-
transverse condensate in the intervalley (𝐐 = 2𝐤0) process, as shown in Fig. 3. At low H above a 
threshold 𝐻c ≈ 1.7 T, the excitonic phase appears only in a limited region at low T near the 
charge-neutral Dirac point (𝜇 = 0), reflecting the small sizes of the field-induced Fermi pockets 
and the consequential little gain in the condensation energy. Upon increasing H, the excitonic 
region gradually increases to broader parameter ranges such that the condensation is favoured 
even in the charge off-neutral region. One can ascribe this field-driven stabilization to the 
enlarged sizes of the Fermi pockets at large H that help to gain the condensation energy.  
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Moreover, the extended excitonic region to a wider 𝜇 range at higher H is attributed to the 
improved intervalley Fermi surface nesting since the relative influence of the electron-hole 
asymmetry becomes smaller as the pocket sizes enlarge with increasing H. 
We should note that this instability is rather sensitive to a small amount of 𝜇 shift 
especially around the charge-neutral Dirac point at 𝜇 = 0. For example, at H = 5 T the intervalley 
excitonic phase disappears above 𝜇 = 1 K, corresponding to an electron doping of just a few 
ppm of the conduction band. This small 𝜇 shift goes along with its experimentally reported size 
in the pressurized -(BEDT-TTF)2I3 distributing in a range of a few Kelvin among different 
samples, as reported by Hall measurements and supported by associated model 
calculations53,54. The notable sensitivity of the excitonic state to 𝜇 provides another support to 
the notion that the intervalley nesting condition between the field-induced Fermi pockets 
crucially affects the excitonic instability. 
Nuclear spin-lattice relaxation rate. In the previous 13C-NMR studies37,38 experiments found, 
and theories confirmed, that the low-energy spin excitations in the pressurized -(BEDT-TTF)2I3 
consist of two parts: The intravalley excitations around each Dirac point at ±𝐤0, probed by the 
uniform part (𝐐 = 0) of the electron spin susceptibility, and the intervalley excitations between 
the two Dirac points, appearing in the 𝐐 ≈ 2𝐤0 response of the susceptibility. These excitations 
can be investigated by 1/T1T that is proportional to the 𝐐 average of the imaginary part of the 
transverse dynamic spin susceptibility Im𝜒⊥(𝐐,𝜔)
55 (see Methods). Remarkably, the 𝐐 = 0 part 
is strongly suppressed at low T by the upward renormalization of the Fermi velocity due to the 
long-range part of the Coulomb interaction, whereas its impact is rather limited for the 𝐐 ≈
2𝐤0 response
38. Consequently, the low-T relaxation rate becomes extremely sensitive to the 
𝐐 ≈ 2𝐤0 excitations, making it particularly appealing to the study of the intervalley excitonic 
instability. Combined with the above knowledge of the phase diagram (Fig. 3), we are thus 
motivated to numerically evaluate 1/T1T in a wide parameter region, and check the impacts of 
𝜇- and H-changes on the previously reported upturn of 1/T1T, induced by the intervalley 
excitonic spin fluctuations38. 
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Fig. 4 Numerical calculation of 1/T1T. a 1/T1T plotted as a function of T in an in-plane 
magnetic field of H = 5 T for the chemical potential of 𝜇 = 0, 2 and 4 K. b Temperature 
dependence of 1/T1T at 𝜇 = 4 K for H = 0 and 5 T. Inset of b: Field dependence of 1/T1T at 
T = 0.2 K for 𝜇 = 0 and 4 K. The ladder vertex [Eq. (7)] and the self-energy correction by the 
long-range part of the Coulomb interaction37,38 are considered. 
Figure 4a, b show the calculated T dependence of 1/T1T for several values of 𝜇 and H, 
incorporating both the RG correction and the excitonic-pairing instability driven by the ladder 
vertex (Eq. (7)). In the charge-neutral case (𝜇 = 0) with an in-plane H of 5 T, 1/T1T shows a clear 
upturn at low T by the growing excitonic spin fluctuations38 (Fig. 4a). A small increase of 𝜇 
rapidly suppresses the upturn, and 1/T1T at low T eventually levels off for 𝜇 = 4 K. This clearly 
signals that the intervalley excitonic instability is weakened upon increasing 𝜇, in excellent 
agreement with the absence of the condensation in the large 𝜇 and small H region in the phase 
diagram (Fig. 3). Note that this kind of low-T levelling-off of 1/T1T was previously reported for 
𝜇 = 0 in the absence of the ladder vertex38, but we show here, at finite 𝜇, that it becomes 
dominant even in its presence: We find that this phenomenon is a universal characteristic of the 
interband electron-hole excitations for the intervalley process in 2D Dirac cones, which 
dominates the T dependence of 1/T1T when the excitonic-pair formation is hampered by a poor 
Fermi surface nesting (see Supplementary Note 1 and Supplementary Fig. 1 for details). 
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In Fig. 4b we present 1/T1T data for 𝜇 = 4 K at different values of H. Little H dependence 
is observed in the levelling-off-like behaviour of 1/T1T in agreement with the small impact of H 
on the T dependence of 𝜆 for 𝜇  0 (Fig. 2b). This should be contrasted to the 𝜇 = 0 case where 
1/T1T at low T monotonically increases with increasing H (inset of Fig. 4b) as a direct 
consequence of the low-T enhancement of 𝜆 at higher H (Fig. 2a). The larger H dependence for 
smaller 𝜇 is perfectly accounted for by the field-induced, intervalley Fermi surface nesting since 
a better nesting at higher H provides stronger excitonic instability and therefore larger spin 
fluctuations (see Fig. 2c, d).   
Discussion 
Keeping all these insights in mind, one would immediately be tempted to make a direct 
comparison of theory and experiment by controlling the three parameters: T, H and 𝜇. Varying 
the first two external parameters (T and H) is experimentally easy and is fruitful to this end. But 
since our discussion concerns the layered charge-transfer salt -(BEDT-TTF)2I3, comprised of 
alternatingly-stacked 2D conducting cation (BEDT-TTF+0.5) layers and insulating anion (I3-) 
layers56, changing 𝜇 in an arbitrary and homogeneous fashion is practically not that easy. 
Indeed, quantum oscillation measurements in a thin crystal of -(BEDT-TTF)2I3 revealed that 
carrier injection is possible by electrostatic means but only into its top few layers, leaving 𝜇 
unaltered in the vast majority of the crystal57. (Note that the system is almost purely 2D since 
the conductivity in the 2D plane is 103 times larger than the out-of-plane conductivity56.) 
Notwithstanding the restriction, previous magnetotransport measurements in -(BEDT-
TTF)2I3 have reported a small distribution of 𝜇 around the charge-neutral Dirac point, occurring 
randomly among different samples; in some samples, this leads at low T to a sharp sign change 
in the Hall coefficient54,58 and the thermopower59,60, which is ascribed to a small electron-hole 
asymmetry and a sample-dependent self-doping effect of the size of ppm of the electronic 
band, induced probably by tiny I3- vacancies53. More recent studies suggest that moderate 
annealing results in an increase of the carrier density and an enhanced conductivity58,61, which 
are believed to be induced by thermal desorption of triiodide I3 molecules62. We speculate that 
a small deficiency in the anion layers, introduced during preparations, must be responsible for 
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Fig. 5 Temperature dependence of 1/T1T in -(BEDT-TTF)2I3 measured by 13C NMR for three 
different samples (#1-3) at 2.3 GPa in an in-plane magnetic field H. a, b, 1/T1T plotted 
against temperature at H = 8 T in sample #1 (a) and 5.2 T (6T) in sample #2 (#3) (b). 
c Temperature dependence of 1/T1T at selected values of H in sample #1. 
this natural self-doping, although its ppm-order size is small enough to safely forget about the 
associated disorder problems. Given our results in Fig. 4, the 13C-NMR relaxation rate proves to 
be a particularly sensitive probe of this natural 𝜇-distribution effect near the charge-neutral 
Dirac point. Thus, checking the sample dependence of T1 will offer an indirect yet more 
important opportunity to investigate the influence of 𝜇 shift upon the excitonic instability. 
Figure 5a, b present the T dependence of 1/T1T measured at 13C sites in three 
representative -(BEDT-TTF)2I3 samples at 2.3 GPa (labelled samples #1-3), where an in-plane H 
of 8 T (#1), 5.2 T (#2) and 6 T (#3) are applied parallel to the 2D conducting plane (H||ab) (see 
Methods). In line with our previous study in sample #338, 1/T1T in sample #2 continues to 
decrease with cooling and shows an abrupt upturn below 3 K, which is ascribed to the growing 
intervalley excitonic spin fluctuations (Fig. 5b). In sample #1, by contrast, 1/T1T shows no upturn 
but a levelling-off-like behaviour below 10 K (Fig. 5a), as one expects for the interband electron-
hole excitations in the absence of the intervalley excitonic instability (Supplementary Figs. 1 and 
2). The observation of contrasting low-T behaviours in 1/T1T draws an excellent qualitative 
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parallel with the calculation in Fig. 4a, noticeably signalling the presence of a 𝜇 shift off the Dirac 
point that is larger in sample #1 than in samples #2 and #3. This point is further verified by the 
high-field measurements in sample #1 at H = 14.8 and 23.5 T (Fig. 5c) in which no appreciable 
H dependence is observed at low T, in excellent agreement with the calculated 1/T1T at finite 𝜇 
(Fig. 4b). All our data thus provide strong support to the predicted results and coherently 
reinforce the idea that a shred of 𝜇 shift drastically suppresses the intervalley excitonic 
instability.  
It should be noticed that the intravalley electron-hole pairing (with 𝐐 ≈ 0), omitted so 
far, barely contributes to the excitonic instability even for 𝜇 = 0 not only because of the poor 
𝐐 ≈ 0 Fermi surface nesting due to the cone’s tilt (see Fig. 1b)38, but also by a suppression 
mechanism associated to the chirality property of the massless Dirac fermions; the electron-
hole excitations, generally described by the so-called bubble-type diagrams, acquire a chirality 
factor near the Dirac point that scales to 𝐶𝛿𝛿′(𝐤;𝐐) = [1 + 𝜉𝛿𝛿
′ cos 𝜃𝐤,𝐤+𝐐] 2⁄ , where 𝛿 = ±1 
is the band index, 𝜉 = ±1 refers to the intervalley or intravalley pairings and 𝜃𝐤,𝐤+𝐐 is the angle 
between 𝐤 and 𝐤 + 𝐐63. For the intravalley pairing (𝜉 = 1), this chirality factor vanishes in the 
interband (𝛿 = −𝛿′) process with 𝜃𝐤,𝐤+𝐐 = 0 that has relatively good nesting, and prevents the 
growth of the 𝐐 ≈ 0 excitonic instability. For the intervalley pairing (𝜉 = −1), by contrast, the 
corresponding interband process has perfect nesting (Fig. 2c), and the chirality factor becomes 
unity, which largely favours the growing excitonic instability in the 𝐐 ≈ 2𝐤0 channel. 
Constructing models relying on the intervalley (𝐐 ≈ 2𝐤0) contribution thus provides a reliable 
starting point for discussing the excitonic instability of 2D tilted Dirac cones. [The chirality factor 
is implicitly considered in Eqs. (5) and (6).] 
We comment that the previously proposed coexistence of the 2D massless Dirac 
fermions with ordinary massive electrons in some (but not all) -(BEDT-TTF)2I3 samples52,64,65 
does not comply with our NMR results; this picture would lead to a monotonic increase of 1/T1T 
upon cooling due to a large saddle-point van Hove singularity near EF52 (Supplementary Note 2 
and Supplementary Fig. 3) which, however, clearly opposes the observed monotonic decrease 
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of 1/T1T towards low T (Fig. 5). Therefore, this comparison convincingly assures our model 
analyses that solely pertain to the 2D massless Dirac fermions. 
Our results in Figs. 4 and 5 thus jointly indicate that the ladder approximation in our 
model offers a reasonable minimal framework to capture the essential nature of the intervalley 
excitonic instability in 2D tilted Dirac cones, at least qualitatively. To go a step ahead, one 
should take further care in particular of the treatments of the self-energy: The frequency 
dependence is one such thing that was only phenomenologically considered here [as a 
bandwidth reduction effect due to the on-site repulsive interaction66, necessitated for obtaining 
a good quantitative estimate of 𝛼 from the fits to the Knight shift37 (for details, see Methods)]. 
The imaginary part would be another ingredient to be considered that is also omitted in the 
present RG model analysis. Concerning these effects probably helps to account for the 
discrepancy in the onset T of the levelling-off between theory and experiment. Moreover, 
Eq. (4) is calculated within the ladder approximation in which the ladder vertex Λ±
𝜈 (𝐤; 𝐪, 𝑖𝜔𝑚) 
[Eq. (7)] is decomposed into the k-dependent part (Δ𝐤) and the q- and m-dependent part 
(Λ±
𝜈 (𝐪, 𝑖𝜔𝑚)). Using higher-level theories than this can incorporate higher order fluctuations 
neglected in our model, and may be valuable for further quantitative comparison of the onset T 
in the upturn of 1/T1T.  
The remarkable excitonic instability characterized in this study is directly linked to the 
chiral nature of the massless Dirac fermions [Eq. (2)] that is ubiquitous in general Dirac-Weyl 
systems in any dimension and for whatever types of pseudospin and symmetry3,4,63. Therefore, 
the present study offers a basic platform for qualitative understanding of the excitonic 
instability in widespread Dirac-cone materials, which casts new light on the interplay of the 
diverse physics of strongly-correlated electrons and chirality-related phenomena in various 
topological materials. 
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Methods 
Low-energy effective model. We performed model calculations based on the low-energy 
Hamiltonian in Eq. (2), described by the so-called Luttinger-Kohn (LK) representation50. This 
representation is characterized by a unitary transformation between the LK basis, |𝜓𝜇
𝜂
(𝐊)⟩, and 
the Fourier transform of the molecular orbital at the site j in the unit cell, |𝜑𝑗(𝐊)⟩ [j = A(1), 
A’(2), B(3) and C(4)], which is given as42,47,48,67 
|𝜓𝜇
𝜂
(𝐊)⟩ =∑𝑆𝑗,𝜇(𝐊
′
0,𝜂)|𝜑𝑗(𝐊)⟩
4
𝑗=1
,                                                (9) 
where 𝐊 is an arbitrary 2D wavenumber vector defined in the first Brillouin zone, and 𝜇 (= a, b, c 
and d) is an index in the LK representation at 𝐊′0,𝜂. (𝐊
′
0,𝜂 is a fixed wavenumber defined in an 
infinitesimal vicinity of the right [𝜂 = 1(R)] or left [𝜂 = -1(L)] Dirac points locating at 𝜂𝐤0). 
𝑆𝑗,𝜇(𝐊
′
0,𝜂) is described by the eigenvectors of a 4×4 tight-binding Hamiltonian, defined in a 
space spanned by |𝜑𝑗(𝐊)⟩ (j = 1 – 4)
46,49. For simplicity the spin index is omitted. The LK 
representation in Eq. (9) is smoothly connected to the ordinary Bloch representation with a 
unitary transformation67. The effective Hamiltonian given in Eq. (2) is obtained by a linearization 
of the 4×4 Hamiltonian around 𝐊′0,𝜂 (𝜂 = ±1) written in the LK representation, and extracting 
only the 𝜇 = a and 𝜇 = b components 46. [These two components are linked to the matrix ?̂?𝑖 in 
Eqs. (2) and (3) and the index 𝜈 in Eqs. (4) – (8) and (10).] Note that the form factor in Eq. (4)  
ℳ𝜈1𝜈2𝜈3𝜈4
𝜂,𝜂′
= 𝐶𝜈1
𝜂
(𝐶𝜈2
𝜂
)
∗
𝐶𝜈3
𝜂′
(𝐶𝜈4
𝜂′
)
∗
                                                (10) 
is a constant complex number associated to 𝐶𝜇
𝜂
≡ 𝑆𝑗=1,𝜇(𝐊
′
0,𝜂), which is a projection of 
|𝜓𝜇
𝜂
(𝐊)⟩ onto the j = A(1) site orbital |𝜑𝑗=1(𝐊)⟩. 
Experimental. Single crystals of -(BEDT-TTF)2I356 were synthesized from 13C-enriched BEDT-TTF 
molecules by conventional electrochemical methods. For 13C-NMR measurements the central 
carbon atoms of BEDT-TTF molecules were 99 % enriched by carbon-13 (13C) isotopes (having a 
nuclear spin I = 1/2). A hydrostatic pressure of P = 2.3 GPa was applied to the sample with a 
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BeCu/NiCrAl clamp-type pressure cell (C&T Factory) and the Daphne 7373 oil (Idemitsu). 
Samples were slightly heated up during pressurization at approximately 50 °C in order to 
prevent solidification of the oil68,69 (for details, see the Methods in Refs. 37,38). A static 
magnetic field of 5.2 – 23.5 T was applied parallel to the crystalline ab plane for the 13C-NMR 
measurements, using standard superconducting magnets (University of Tokyo) and cryogenic-
free superconducting magnets (Institute for Materials Research, Tohoku University).  
 13C-NMR signals were collected using standard spin-echo techniques with commercially 
available homodyne spectrometers. The echo signals were recorded at a fixed radio frequency 
after the conventional spin-echo pulse sequence, and were converted into 13C-NMR spectra via 
Fourier transformation. Nuclear spin-lattice relaxation rate 1/T1 was determined from standard 
single-exponential fits to the recovery curve of nuclear magnetization after saturation, which is 
associated to the imaginary part of the transverse dynamic spin susceptibility [Eq. (4)] via the 
following expression55: 
1
𝑇1𝑇
=
2𝛾
n
2𝑘
B
(?̅?⊥)
2
𝑔2𝜇
B
2
∑
Im𝜒⊥(𝐐,𝜔)
𝜔
,
𝐐
                                         (11) 
where  𝛾
n
 is the nuclear gyromagnetic ratio, 𝑘
B
 is the Boltzmann constant, 𝜇
B
 is the Bohr 
magneton, ?̅?⊥ is the transverse component of the mean hyperfine coupling tensor
38 and 𝜔 is 
the NMR resonance frequency. Site-selective 1/T1 values can be determined from 8 13C-lines, 
corresponding to four different molecular sites in the unit cell (j = A, A’, B and C) split by the 
nuclear dipole interaction (for the details of line assignments, see Refs. 37,38). The value of 1/T1 
is, however, site-independent below ≈ 30 K probably because of spin diffusion ensured by the 
nuclear spin-spin coupling among the different molecular sites. This gives rise to a unique spin 
temperature inside the unit cell55 and a resultant inter-site averaging of T1. Following the 
previous study38, we focus on the T1 data measured at the j = A (= A’) lines as they probe the 
excitations around a Dirac point most uniformly37,46,67.  
Renormalization-group analyses. For dealing with the self-energy correction by the long-range 
part of the Coulomb interaction, we use the renormalization-group (RG) equations derived for 
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the effective Hamiltonian [Eq. (2)] in the leading order in 1/N (with N >> 1), which are valid for 
arbitrary strengths of the Coulomb interaction. Starting from the energy-momentum dispersion 
around the Dirac points obtained by diagonalization of Eq. (2) 
 𝐸±(𝑞) = ℏ(𝐰 ∙ 𝐪 ±√𝑣𝑥2𝑞𝑥
2 + 𝑣𝑦2𝑞𝑦
2) ,                                        (12) 
the one-loop level RG flow equations for 𝐯 = (𝑣𝑥, 𝑣𝑦) are given by
37 
1
𝑣𝑥
𝑑𝑣𝑥
𝑑𝑙
=
8
𝜋2𝑁
∫
𝑑𝜑
2𝜋
2 cos2 𝜑𝐹(𝑔𝜑)
2𝜋
0
,                                                     
1
𝑣𝑦
𝑑𝑣𝑦
𝑑𝑙
=
8
𝜋2𝑁
∫
𝑑𝜑
2𝜋
2 sin2 𝜑𝐹(𝑔𝜑)
2𝜋
0
.                                              (13) 
Here, N = 4 is the number of fermion species reflecting the two Dirac points (at ±k0) and two 
spin projections, 𝐪 = 𝑞(cos𝜑 , sin𝜑) is defined around k0, 𝑙 = 𝑙𝑛(𝛬 𝑞⁄ ) is a momentum scale 
measured in the unit of the momentum cutoff 𝛬 = 0.667 Å-1 of the size of the inverse lattice 
constant52 and circular around the Dirac point, 𝐹(𝑔𝜑) is a function of the form 𝐹(𝑔𝜑) =
(−𝜋 2⁄ + 𝑔𝜑 + arccos 𝑔𝜑 √1 − 𝑔𝜑2⁄ ) 𝑔𝜑⁄  with 𝑔𝜑 = 2𝜋𝑒
2𝑁 (16𝜀√𝑣𝑥2 sin
2𝜑+ 𝑣𝑦2 cos2𝜑)⁄  
and  is the dielectric constant. (𝐰 does not flow at the one-loop level and stays constant.)  
 Using Eq. (13), fits to the 13C-NMR local-electron spin susceptibility (i.e., Knight shift) 
provide an excellent experimental estimate for the RG flow of the velocities37,38. Following 
Ref. 37, we use the effective tight-binding (TB) model in Ref. 46 as our minimal starting point of 
RG analyses, and introduce a phenomenological parameter u to adjust the initial velocity values 
at the cutoff (q = 𝛬): v = u*vTB, w = u*wTB. Optimizing the two parameters  and u by least 
square fits, we get (, u) ≈ (30, 0.35) (The results of the fits do not change much for  = 1-30). 
That we have 𝑢 smaller than unity suggests a reduced electronic bandwidth, which is similar to 
what has been often discussed in correlated electron materials via dynamical mean-field 
methods, and ascribed to the frequency dependence of the self-energy due to the short-range 
part of the Coulomb interaction66. The bare coupling constant is then evaluated as 𝛼 ≈
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𝑒2 4𝜋𝜀0𝜀ℏ𝑣0⁄ = 12.6 with 𝑣0 = 𝑢𝑣
TB [using 𝑣TB = 2.4×104 m s-1 46]. For the detail of the RG 
flow of the coupling constant, see Supplementary Information of Ref. 38. 
Temperature dependence of the chemical potential. To get a compatible model with transport 
measurements in the literature over an extended T range, one might need to introduce the T 
dependence of the chemical potential 𝜇 in Eq. (2), as has been suggested by Hall measurements 
and associated theories53,54. This T dependence appears to stem from the saddle-point van Hove 
singularity in the valence band, locating approximately 12 meV below the charge-neutral Dirac 
point as first predicted by density functional calculations46 and later confirmed by 13C-NMR and 
interlayer magnetoresistance measurements37,70. Below 10 K, however, 𝜇 is expected to show 
only a minor variation upon changing T53 reflecting the high electron-hole symmetry near the 
Dirac point. Since the T range of our interest lies in this low-T region, we can safely neglect the T 
dependence of 𝜇 in our analysis and treat 𝜇 as a phenomenological control parameter in search 
of excitonic instability. 
References 
1. Abrikosov, A. A. & Beneslavskii, S. D. Possible existence of substances intermediate 
between metals and dielectrics. Sov. Phys. JETP 32, 699–708 (1971). 
2. González, J., Guinea, F. & Vozmediano, M. A. H. Non-Fermi liquid behavior of electrons in 
the half-filled honeycomb lattice (A renormalization group approach). Nucl. Physics, Sect. 
B 424, 595–618 (1994). 
3. Wehling, T. O., Black-Schaffer, A. M. & Balatsky, A. V. Dirac materials. Adv. Phys. 63, 1–76 
(2014). 
4. Kotov, V. N., Uchoa, B., Pereira, V. M., Guinea, F. & Castro Neto, A. H. Electron-electron 
interactions in graphene: Current status and perspectives. Rev. Mod. Phys. 84, 1067–1125 
(2012). 
5. Witczak-Krempa, W., Chen, G., Kim, Y. B. & Balents, L. Correlated Quantum Phenomena in 
the Strong Spin-Orbit Regime. Annu. Rev. Condens. Matter Phys. 5, 57–82 (2014). 
21 
 
6. Dzero, M., Xia, J., Galitski, V. & Coleman, P. Topological Kondo Insulators. Annu. Rev. 
Condens. Matter Phys. 7, 249 (2016). 
7. Choi, H. et al. Experimental and theoretical study of topology and electronic correlations 
in PuB4. Phys. Rev. B 97, 201114(R) (2018). 
8. Barnes, E., Hwang, E. H., Throckmorton, R. E. & Das Sarma, S. Effective field theory, three-
loop perturbative expansion, and their experimental implications in graphene many-body 
effects. Phys. Rev. B 89, 235431 (2014). 
9. González, J., Guinea, F. & Vozmediano, M. A. H. Marginal-Fermi-liquid behavior from two-
dimensional Coulomb interaction. Phys. Rev. B 59, R2474–R2477 (1999). 
10. Drut, J. E. & Lähde, T. A. Is graphene in vacuum an insulator? Phys. Rev. Lett. 102, 026802 
(2009). 
11. González, J. Renormalization group approach to chiral symmetry breaking in graphene. 
Phys. Rev. B 82, 155404 (2010). 
12. Khveshchenko, D. V. Massive Dirac fermions in single-layer graphene. J. Phys. Condens. 
Matter 21, 075303 (2009). 
13. Gorbar, E. V., Gusynin, V. P., Miransky, V. A. & Shovkovy, I. A. Magnetic field driven metal-
insulator phase transition in planar systems. Phys. Rev. B 66, 045108 (2002). 
14. Gamayun, O. V., Gorbar, E. V. & Gusynin, V. P. Gap generation and semimetal-insulator 
phase transition in graphene. Phys. Rev. B 81, 075429 (2010). 
15. Khveshchenko, D. V. Ghost Excitonic Insulator Transition in Layered Graphite. Phys. Rev. 
Lett. 87, 075303 (2001). 
16. Khveshchenko, D. V. & Leal, H. Excitonic instability in layered degenerate semimetals. 
Nucl. Phys. B 687, 323–331 (2004). 
17. Raghu, S., Qi, X. L., Honerkamp, C. & Zhang, S. C. Topological mott insulators. Phys. Rev. 
Lett. 100, 156401 (2008). 
22 
 
18. Wei, H., Chao, S. P. & Aji, V. Excitonic phases from Weyl semimetals. Phys. Rev. Lett. 109, 
196403 (2012). 
19. Sekine, A. & Nomura, K. Weyl Semimetal in the Strong Coulomb Interaction Limit. J. Phys. 
Soc. Japan 83, 094710 (2014). 
20. Sekine, A. & Nomura, K. Stability of multinode Dirac semimetals against strong long-range 
correlations. Phys. Rev. B 90, 075137 (2014). 
21. Maciejko, J. & Nandkishore, R. Weyl semimetals with short-range interactions. Phys. Rev. 
B 90, 035126 (2014). 
22. Buividovich, P. V. Spontaneous chiral symmetry breaking and the chiral magnetic effect 
for interacting Dirac fermions with chiral imbalance. Phys. Rev. D 90, 125025 (2014). 
23. Roy, B. & Sau, J. D. Magnetic catalysis and axionic charge density wave in Weyl 
semimetals. Phys. Rev. B 92, 125141 (2015). 
24. Laubach, M., Platt, C., Thomale, R., Neupert, T. & Rachel, S. Density wave instabilities and 
surface state evolution in interacting Weyl semimetals. Phys. Rev. B 94, 241102(R) (2016). 
25. Triola, C., Pertsova, A., Markiewicz, R. S. & Balatsky, A. V. Excitonic gap formation in 
pumped Dirac materials. Phys. Rev. B 95, 205410 (2017). 
26. Sharma, A., Kotov, V. N. & Castro Neto, A. H. Excitonic mass gap in uniaxially strained 
graphene. Phys. Rev. B 95, 235124 (2017). 
27. Michetti, P. & Timm, C. Electron-hole pairing of Fermi-arc surface states in a Weyl 
semimetal bilayer. Phys. Rev. B 95, 125435 (2017). 
28. Mott, N. F. The transition to the metallic state. Philos. Mag. 6, 287–309 (1961). 
29. Jérome, D., Rice, T. M. & Kohn, W. Excitonic insulator. Phys. Rev. 158, 462–475 (1967). 
30. Wakisaka, Y. et al. Excitonic insulator state in Ta2NiSe5 probed by photoemission 
spectroscopy. Phys. Rev. Lett. 103, 026402 (2009). 
23 
 
31. Pisarski, R. D. Chiral-symmetry breaking in three-dimensional electrodynamics. Phys. Rev. 
D 29, 2423–2426 (1984). 
32. Elias, D. C. et al. Dirac cones reshaped by interaction effects in suspended graphene. Nat. 
Phys. 7, 701–704 (2011). 
33. Tajima, N., Sugawara, S., Tamura, M., Nishio, Y. & Kajita, K. Electronic phases in an organic 
conductor α-(BEDT-TTF)2I3: Ultra narrow gap semiconductor, superconductor, metal, and 
charge-ordered insulator. J. Phys. Soc. Japan 75, 051010 (2006). 
34. Liu, D. et al. Insulating Nature of Strongly Correlated Massless Dirac Fermions in an 
Organic Crystal. Phys. Rev. Lett. 116, 226401 (2016). 
35. Murata, K., Yokogawa, K., Arumugam, S. & Yoshino, H. Pressure Effect on Organic 
Conductors. Crystals 2, 1460–1482 (2012). 
36. Konoike, T., Uchida, K. & Osada, T. Specific heat study of massless Dirac fermion system 
α-(BEDT-TTF)2I3 under pressure. Phys. Status Solidi 9, 1177–1179 (2012). 
37. Hirata, M. et al. Observation of an anisotropic Dirac cone reshaping and ferrimagnetic 
spin polarization in an organic conductor. Nat. Commun. 7, 12666 (2016). 
38. Hirata, M. et al. Anomalous spin correlations and excitonic instability of interacting 2D 
Weyl fermions. Science (80-. ). 358, 1403–1406 (2017). 
39. Isobe, H. & Nagaosa, N. Renormalization effects on quasi-two-dimensional organic 
conductor α-(BEDT-TTF)2I3. J. Phys. Soc. Japan 81, 113704 (2012). 
40. Wunsch, B., Guinea, F. & Sols, F. Dirac-point engineering and topological phase 
transitions in honeycomb optical lattices. New J. Phys. 10, 103027 (2008). 
41. Asano, K. & Hotta, C. Designing Dirac points in two-dimensional lattices. Phys. Rev. B 83, 
245125 (2011). 
42. Katayama, S., Kobayashi, A. & Suzumura, Y. Pressure-induced zero-gap semiconducting 
state in organic conductor α-(BEDT-TTF)2I3 salt. J. Phys. Soc. Japan 75, 054705 (2006). 
24 
 
43. Dietl, P., Piéchon, F. & Montambaux, G. New magnetic field dependence of Landau levels 
in a graphenelike structure. Phys. Rev. Lett. 100, 236405 (2008). 
44. Montambaux, G., Piéchon, F., Fuchs, J. N. & Goerbig, M. O. Merging of Dirac points in a 
two-dimensional crystal. Phys. Rev. B 80, 153412 (2009). 
45. Montambaux, G., Piéchon, F., Fuchs, J. N. & Goerbig, M. O. A universal Hamiltonian for 
motion and merging of Dirac points in a two-dimensional crystal. Eur. Phys. J. B 72, 509–
520 (2009). 
46. Katayama, S., Kobayashi, A. & Suzumura, Y. Electronic properties close to Dirac cone in 
two-dimensional organic conductor α-(BEDT-TTF)2I3. Eur. Phys. J. B 67, 139–148 (2009). 
47. Kobayashi, A., Katayama, S., Suzumura, Y. & Fukuyama, H. Massless fermions in organic 
conductor. J. Phys. Soc. Japan 76, 034711 (2007). 
48. Goerbig, M. O., Fuchs, J. N., Montambaux, G. & Piéchon, F. Tilted anisotropic Dirac cones 
in quinoid-type graphene and α-(BEDT-TTF)2I3. Phys. Rev. B 78, 045415 (2008). 
49. Kobayashi, A., Katayama, S. & Suzumura, Y. Theoretical study of the zero-gap organic 
conductor α-(BEDT-TTF)2I3. Sci. Technol. Adv. Mater. 10, 024309 (2009). 
50. Luttinger, J. M. & Kohn, W. Motion of Electrons and Holes in Perturbed Periodic Fields. 
Phys. Rev. 97, 869–883 (1955). 
51. Sugano, T., Saito, G. & Kinoshita, M. Conduction-electron-spin resonance in organic 
conductors: α and β phases of di[bis(ethylenedithiolo)tetrathiafulvalene]triiodide [(BEDT-
TTF)2I3]. Phys. Rev. B 34, 117–125 (1986). 
52. Kondo, R., Kagoshima, S., Tajima, N. & Kato, R. Crystal and Electronic Structures of the 
Quasi-Two-Dimensional Organic Conductor α-(BEDT-TTF)2I3 and Its Selenium Analogue α-
(BEDT-TSeF)2I3 under Hydrostatic Pressure at Room Temperature. J. Phys. Soc. Japan 78, 
114714 (2009). 
25 
 
53. Kobayashi, A., Suzumura, Y. & Fukuyama, H. Hall effect and orbital diamagnetism in 
zerogap state of molecular conductor α-(BEDT-TTF)2I3. J. Phys. Soc. Japan 77, 064718 
(2008). 
54. Tajima, N., Kato, R., Sugawara, S., Nishio, Y. & Kajita, K. Interband effects of magnetic field 
on Hall conductivity in the multilayered massless Dirac fermion system α-(BEDT-TTF)2I3. 
Phys. Rev. B 85, 033401 (2012). 
55. Abragam, A. The Principles of Nuclear Magnetism. (Oxford, Clarendon Press, 1961). 
56. Bender, K. et al. Synthesis, Structu re and Physical Properties of a Two-Dimensional 
Organic Metal, Di [bis(ethylenedithiolo)tetrath iofulvalene]triiodide, (BEDT -TTF)2+I3-. Mol. 
Cryst. Liq. Cryst. 108, 359–371 (1984). 
57. Tajima, N. et al. Quantum Hall effect in multilayered massless Dirac fermion systems with 
tilted cones. Phys. Rev. B 88, 075315 (2013). 
58. Tajima, N. Effects of Carrier Doping on the Transport in the Dirac Electron System α-
(BEDT-TTF)2I3 under High Pressure. Crystals 8, 126 (2018). 
59. Konoike, T., Sato, M., Uchida, K. & Osada, T. Anomalous thermoelectric transport and 
giant nernst effect in multilayered massless dirac fermion system. J. Phys. Soc. Japan 82, 
073601 (2013). 
60. Kitamura, R. et al. Thermoelectric Power of Multilayered Massless Dirac Fermion System 
α-(BEDT-TTF)2I3 —Charge Ordering and Zero-Gap States—. Proc. 12th Asia Pacific Phys. 
Conf. 1, 012097 (2014). 
61. Tisserond, E. et al. Aperiodic quantum oscillations of particle-hole asymmetric Dirac 
cones. Europhys. Lett. 119, 67001 (2017). 
62. Yoshimura, M., Shigekawa, H., Kawabata, K., Saito, Y. & Kawazu, A. STM study of organic 
thin films of BEDT-TTF iodide. Appl. Surf. Sci. 60–61, 317–320 (1992). 
63. Goerbig, M. O. Electronic properties of graphene in a strong magnetic field. Rev. Mod. 
Phys. 83, 1193–1243 (2011). 
26 
 
64. Alemany, P., Pouget, J. P. & Canadell, E. Essential role of anions in the charge ordering 
transition of α-(BEDT-TTF)2I3. Phys. Rev. B 85, 195118 (2012). 
65. Monteverde, M. et al. Coexistence of Dirac and massive carriers in α-(BEDT-TTF)2I3 under 
hydrostatic pre. Phys. Rev. B 87, 245110 (2013). 
66. Casula, M. et al. Low-Energy Models for Correlated Materials: Bandwidth 
Renormalization from Coulombic Screening. Phys. Rev. Lett. 109, 126408 (2012). 
67. Kobayashi, A. & Suzumura, Y. Effects of zero line and ferrimagnetic fluctuation on nuclear 
magnetic resonance for dirac electrons in molecular conductor α-(BEDT-TTF)2I3. J. Phys. 
Soc. Japan 82, 054715 (2013). 
68. Murata, K., Yoshino, H., Yadav, H. O., Honda, Y. & Shirakawa, N. Pt resistor thermometry 
and pressure calibration in a clamped pressure cell with the medium, Daphne 7373. Rev. 
Sci. Instrum. 68, 2490–2493 (1997). 
69. Yokogawa, K., Murata, K., Yoshino, H. & Aoyama, S. Solidification of high-pressure 
medium daphne 7373. Jpn. J. Appl. Phys. 46, 3636–3639 (2007). 
70. Mori, A. et al. Anisotropy of Dirac cones and Van Hove singularity in an organic Dirac 
fermion system. Phys. Rev. B 99, 035106 (2019). 
Acknowledgments 
The authors acknowledge G. Matsuno for helping with the modelling and coding; M. O. Goerbig, 
D. Basko, H. Yasuoka, M. Baenitz and H. Fukuyama for fruitful discussions; and M. Tamura and K. 
Miyagawa for providing samples and experimental supports. Part of this work was performed at 
the High Field Laboratory for Superconducting Materials, Institute for Materials Research, 
Tohoku University. This work is supported by MEXT/JSPJ KAKENHI under Grant Numbers 
15K05166, 18H05225, 19J20677 and 19H01846. 
Supplementary Information 
Supplementary Figures  
 
Supplementary Fig. 1 Numerical results for the intervalley part (𝐐 = 2𝐤0) of 1/T1T vs T 
for a charge off-neutral tilted Dirac cones ( = 4 K) in an in-plane magnetic field of 
H = 5 T. a, b Calculated data of the intervalley contributions of 1/T1T in the absence (a) 
and presence (b) of the Ladder vertex [Eq. (7)] for the interband (circles) and intraband 
(squares) processes. The RG correction effect due to the long-range part of the 
Coulomb interaction is considered following Refs. 1,2 (see Methods). 
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Supplementary Fig. 2 Field dependence of 1/T1T in -(BEDT-TTF)2I3. The 13C-NMR data 
for sample #1 at 4 K (symbols) are plotted as a function of the in-plane magnetic field H 
together with the calculated curve following Eq. (S1) (solid line) that gives an 
approximate relation between 1/T1T and the electron density of state (DOS). Note that 
these data are extracted from Fig. 5c.  
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Supplementary Fig. 3 Calculated 1/T1T based on the tight-binding band structure of 
Ref. 3. a The tight-binding band structure near EF (dashed line) seen from the ky 
direction in -(BEDT-TTF)2I3, calculated from the X-ray diffraction data at 1.76 GPa3. 
b The Type-II Dirac semimetal (over-tilted cone) deduced from this model, where the 
Dirac point locates below EF (dashed line). At the corner M(𝜋, -𝜋), a van Hove 
singularity (vHs) is present in the upper band (indicated by an arrow). c Density of 
states for the upper (green curve) and lower (orange curve) bands around EF. d The first 
Brillouin zone in this model with the Fermi surfaces shown for the upper band (green 
closed loop) and the lower band (orange open loop). The positions of the Dirac points 
and vHs are indicated. The highlighted quarter of the full Brillouin zone at the right 
bottom (surrounded by dashed lines) corresponds to the plotted region in b. e The 
calculated temperature dependence of 1/T1T [at the sublattice A (= A’)] for this band 
structure.  
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Supplementary Note 1 
Levelling-off of 1/T1T. In the simplest approximation, the nuclear spin-lattice relaxation rate 
1/T1 in conductors is expressed by means of the electron density of states (DOS) as4,5: 
1
𝑇1
=
𝜋
ℏ
(𝛾e𝛾nℏ
2)2(𝐴⊥)
2∫ 𝑑𝐸 𝐷+(𝐸)𝑓(𝐸)
∞
−∞
∫ 𝑑𝐸′ 𝐷−(𝐸′){1 − 𝑓(𝐸′)}𝛿(𝐸 − 𝐸′)
∞
−∞
,      (S1)   
where 𝐴⊥ is the hyperfine coupling constant in the direction normal to external magnetic field 
H, 𝛾e (𝛾n) is the electronic (nuclear) gyromagnetic ratio, 𝐷±(𝐸) = 𝐷(𝐸 ∓ 𝐸Z 2⁄ ) 2⁄  is the 
electron DOS for up/down (+/-) spins mutually shifted by the electron Zeeman energy 𝐸Z =
𝑔𝜇B𝐻, 𝑓(𝐸) = 1 [1 + exp {(𝐸 − 𝜇) 𝑘B𝑇⁄ }]⁄  is the Fermi-Dirac distribution function and 𝛿(𝐸) is 
the Dirac delta function. 
In the absence of the electron-electron Coulomb interaction, the linear dispersion of the 
2D Dirac cones results in a linear DOS around the charge-neutrality point (set as E = 0), 𝐷(𝐸)  
|𝐸|, which for small H and charge-neutral case (𝜇 = 0) leads to a power law behaviour in the 
relaxation rate: 1 𝑇1⁄  𝑇
3.6,7 At low T the thermal energy (𝑘B𝑇) becomes comparable to 𝐸Z, 
and the Zeeman-induced, spin-split Fermi pockets start to play major roles, inducing a crossover 
upon cooling from the 𝑇3 behaviour to the so-called Korringa law expected for the canonical 
Fermi liquid: 1 𝑇1⁄  𝑇.
6 In the latter case, simple calculations read 1 𝑇1𝑇⁄  𝐻
2 from Eq. (S1) 
that is, however, in apparent opposition to the experimental data in the pressurized -(BEDT-
TTF)2I3 (sample #1) where little H dependence is observed (Supplementary Fig. 2). This 
demonstrates that Eq. (S1) is invalid at low T in our sample, necessitating us coming back to the 
general relation between 1/T1 and the wavenumber 𝐐 average of the imaginary part of the 
transverse spin susceptibility Im𝜒⊥(𝐐, 𝜔) [i.e., Eq. (11)]
4,5. The breakdown of Eq. (S1) signals 
that the interband electron-hole excitations within each cone (𝐐 ≈ 0) and connecting two 
cones at 𝐤0 and -𝐤0 (𝐐 ≈ 2𝐤0; as in Fig. 1) become of paramount importance, which are 
omitted in Eq. (S1) but incorporated in Eq. (11). 
In the previous numerical study at 𝜇 = 0 considering the RG flow of the Fermi velocity in 
-(BEDT-TTF)2I3,1 we reported, based on Eq. (11), that the interband electron-hole excitations in 
the intervalley process (𝐐 ≈ 2𝐤0) cause little T dependence in 1/T1T, whereas their intraband 
5 
 
counterparts lead to a rapid drop of 1/T1T with cooling2. By resizing the energy and momentum 
scales to be compatible with the RG flow (near the Dirac point) and assuming the effective 
coupling of 𝛼eff = 1, we previously focussed on the low-energy regions and showed that an 
inclusion of the ladder vertex [Eq. (7)] brought about an upturn of 1/T1T at low T, owing to the 
growing intervalley excitonic instability2. We extend the latter calculation to the case of 𝜇 ≠ 0 in 
this study, and find that the levelling-off-like behaviour of 1/T1T universally appears due to the 
interband electron-hole excitations in the intervalley process (𝐐 ≈ 2𝐤0), regardless of the 
presence or absence of the ladder vertex (Supplementary Fig. 1a, b) when the excitonic 
instability is suppressed by a poor Fermi surface nesting (as in Fig. 2d). 
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Supplementary Note 2 
Possibility of Type-II Dirac semimetals. As we mentioned in the main text, some recent studies 
suggested the possibility that ordinary massive electrons might coexist with the 2D massless 
Dirac fermions in some (but not all) pressurized -(BEDT-TTF)2I3 samples3,8,9. In these studies the 
authors rely on the X-ray diffraction results under pressure3 that, using the hopping integrals 
derived semi-empirically, lead to semimetallic Fermi surfaces via simple tight-binding 
calculations; the band-crossing Dirac points in this case sink below the Fermi level EF, and a 
compensating hole pockets emerge in a separate region in the 2D first Brillouin zone. The Dirac 
points can be adjusted to EF by introducing either site-dependent potentials or on-site and 
nearest-neighbour Coulomb repulsions in mean-field theories3,7, ending up with a pair of 
charge-neutral tilted Dirac cones as predicted by density functional calculations8,10 and 
confirmed by the majority of experiments reported thus far (see Ref. 11 as a review). What if we 
regard the impact of these Fermi pockets on the behaviour of the NMR relaxation rate? Using 
the same tight-binding model and the hopping integrals as in Ref. 3, we calculated the expected 
T dependence of 1/T1T for this semimetallic scenario to check the validity of our analyses solely 
based on the massless-Dirac-fermion picture.  
The 2D tight-binding model is defined as  
𝐻 = ∑ (𝑡𝑖𝛼:𝑗𝛽 𝑎𝑖𝛼𝜎
† 𝑎𝑗𝛽𝜎 + h.c.)
(𝑖𝛼:𝑗𝛽),𝜎
,                                               (S2) 
where 𝑎𝑗𝛼𝜎
†  is the creation operator on the sublattice j = A, A’ (= A), B and C  in the unit cell 𝛼 (=
1,⋯ ,𝑁𝑢.𝑐.) with the spin index 𝜎 (=↑, ↓), and 𝑡𝑖𝛼:𝑗𝛽 is the nearest-neighbor (NN) hopping 
energy corresponding to the electron hopping from the (𝑖, 𝛼) site to the (𝑗, 𝛽) site (𝑁u.c.: the 
total number of unit cells). The value of 𝑡𝑖𝛼:𝑗𝛽 is estimated from the X-ray diffraction data of 
Ref. 3. The diagonalization of the Hamiltonian yields  
∑𝜖𝑖𝑗(𝐤) 𝑑𝑗𝜂𝜎(𝐤)
4
𝑗=1
= 𝐸𝜂𝜎(𝐤) 𝑑𝑖𝜂𝜎(𝐤),                                               (S3) 
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〈𝑁𝑗𝜎〉 =  
1
𝑁u.c.
∑∑𝑑𝑗𝜂,−𝜎
∗ (𝐤) 𝑑𝑗𝜂,−𝜎(𝐤) 𝑓(𝐸𝜂,−𝜎(𝐤) − 𝜇)
4
𝜂=1𝐤
.                   (S4) 
We define 𝜖𝑖𝑗(𝐤) = ∑ 𝑡𝑖𝑗𝑒
𝑖𝐤∙𝛅𝑖𝑗
𝛅𝑖𝑗 , where 𝛅𝑖𝑗 is a vector connecting the NN sublattices 𝑖 and 𝑗, 
𝐸𝜂𝜎(𝐤) is the eigenvalue (𝐸1𝜎 > 𝐸2𝜎 > 𝐸3𝜎 > 𝐸4𝜎), 𝑑𝑖𝜂𝜎(𝐤) is the corresponding eigenvector 
with the band index 𝜂,  𝑓(𝐸) is the Fermi distribution function and 𝜇 is the chemical potential 
determined from the condition ∑ 〈𝑁𝑗𝜎〉𝑗𝜎 = 6, reflecting the ¾-filling of the electronic band. For 
simplicity the spin index 𝜎 is omitted hereafter. For the calculation of the spin susceptibility, we 
introduce a sublattice spin susceptibility matrix, ?̂?, whose (𝑖𝑗)-element is given by1 
𝜒𝑖𝑗(𝐐,𝜔) =  −
1
𝑁u.c.
∑ ∑ ℱ𝑖𝑗
𝜂𝜂′(𝐤, 𝐐)
𝑓 (𝐸𝜂(𝐤 + 𝐐)) − 𝑓 (𝐸𝜂′(𝐤))
𝐸𝜂(𝐤 + 𝐐) − 𝐸𝜂′(𝐤) − ℏ𝜔 − 𝑖𝛿
4
𝜂,𝜂′=1𝐤
.            (S5) 
Here, 𝑖𝛿 (𝛿 > 0) is an infinitesimally small imaginary part, and the form factor is defined by 
ℱ𝑖𝑗
𝜂𝜂′(𝐤, 𝐐) = 𝑑𝑖𝜂(𝐤 + 𝐐)𝑑𝑗𝜂
∗ (𝐤 + 𝐐)𝑑𝑗𝜂′(𝐤)𝑑𝑖𝜂′
∗ (𝐤).                                    (S6) 
Given that the spin space is isotropic in this model, the longitudinal spin susceptibility (?̂?∥) and 
the transverse susceptibility (?̂?⊥) at the sublattice 𝑖 are identically given by  
𝜒𝑖
∥(𝐐, 𝜔) = 𝜒𝑖
⊥(𝐐,𝜔) =∑𝜒𝑖𝑗(𝐐,𝜔)
4
𝑗=1
.                                             (S7) 
The nuclear spin-lattice relaxation 1/T1 at this sublattice is then calculated from Eq. (11) by 
replacing 𝜒⊥(𝐐, 𝜔) with Eq. (S7).  
We insist that the Dirac cones in this semimetallic case are over-tilted such that the 
gentle slope intersects the Fermi level EF, a situation commonly referred to as the “Type-II” 
Dirac semimetals, as shown in Supplementary Fig. 2a, b. Remarkably, we find that a saddle-
point van Hove singularity appears very close to EF in the conduction band, locating at the 
M( , -) point in the first Brillouin zone. Since this singularity leads to a large density of states 
near EF (Supplementary Fig. 2c, d), the calculated 1/T1T [for the sublattice A (= A’)] exhibits a 
monotonic increase towards low T (Supplementary Fig. 2e), in marked contrast to the 
experimental findings in Fig. 5. This undoubtedly leads us to conclude that the semimetallic 
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scenario is incompatible with our 13C-NMR data at least in the tested three samples (#1-3), 
guaranteeing our model analyses assuming only the 2D massless Dirac fermions. 
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